Information on associations between chlorpyrifos residues in food and personal exposure to chlorpyrifos would be valuable for evaluating the relationship between personal exposure and possible health effects. We used food consumption records, chlorpyrifos levels in duplicate plates, and measures of 3,5,6 -trichloro -2 -pyridinol ( TCPy ) in urine obtained from human volunteers in the National Human Exposure Assessment Survey in Maryland ( NHEXAS -MD ) to evaluate a food consumption -chemical residue model for estimating dietary intake of chlorpyrifos. Model inputs were the NHEXAS -MD food consumption records and chlorpyrifos residues in specific foods measured in the U.S. Food and Drug Administration Total Diet Study ( TDS ) market baskets from 1993 to 1997. The estimated mean and standard deviation of chlorpyrifos concentration ( g / kg ) in duplicate plates ( n = 203 ) were within 20% and 50%, respectively, of the corresponding parameters of measured chlorpyrifos levels. However, predicted and measured concentrations in the 78 duplicate plates with detectable levels of chlorpyrifos were not significantly associated according to Spearman correlation analysis ( r = 0.04, p = 0.7667 ) and linear regression ( p = 0.2726 ) . Measured and estimated chlorpyrifos intakes for observations with non -zero values for each intake measure ( n = 71 ) were moderately associated on a rank ( Spearman's r = 0.24, p = 0.0462 ) and linear basis ( regression r 2 = 0.07, p = 0.0242 ) . Measured intakes of chlorpyrifos from food and urinary TCPy were significantly correlated in rank order ( n = 87, Spearman's r = 0.30, p = 0.0041 ) and linear ( n = 87, Pearson's r = 0.22, p = 0.0409 ) analyses. Correlation coefficients between estimated intake of chlorpyrifos from food and TCPy were significantly different from zero ( n = 87; Spearman's r = 0.22, p = 0.0393; Pearson's r = 0.21, p = 0.0479 ) . Comparing mean measured chlorpyrifos intake from food ( 0.46 g / day ) to mean estimated TCPy excretion via urine ( 6.3 g / day ) , dietary intake of chlorpyrifos accounted for approximately 7% of TCPy in this population. These findings suggest the food consumptionchemical residue model can yield reasonably accurate estimates of the population distribution of dietary chlorpyrifos intake, but has little ability to predict dietary exposure for individuals; and that intake of chlorpyrifos from food is a minor contributor to TCPy in urine.
Introduction
Implementation of the U.S. Food Quality Protection Act recently led to modification of permissible uses of the organophosphate insecticide, chlorpyrifos ( O,O -diethyl -O -[3,5,6 -trichloro-2-pyridinyl ]-phosphorothioate ) ( EPA, 2000a ) . Based on new developmental neurotoxicity information derived from animal models ( Slotkin, 1999; Zheng et al., 2000 ) , the U.S. Environmental Protection Agency ( EPA ) concluded that an additional 10 -fold safety factor is to be used in the regulatory risk assessment of chlorpyrifos to protect infants and children ( EPA, 2000b ) . Diet is recognized to be a pathway of human exposure to chlorpyrifos, yet the relationship between chlorpyrifos residues in food and personal exposure to chlorpyrifos is not well understood. This information would be valuable for evaluating the relationship between personal exposure and possible health effects. For example, low levels of exposure to chlorpyrifos could cause subtle neurological effects (Olson et al., 1998; Roy et al., 1998 ) , but methods for estimating chlorpyrifos exposure from food intake have not been evaluated.
The first objective of our research was to develop a simple reliable model for estimating dietary intake of chlorpyrifos. We evaluated agreement of dietary chlorpyrifos scores, derived from a semi -quantitative food frequency checklist and food residue tables, with levels of chlorpyrifos measured in duplicate plate samples. Our second objective was to ascertain the contribution of chlorpyrifos intake from food to total or aggregate chlorpyrifos exposure. To meet this objective, we evaluated concordance of dietary chlorpyrifos scores and measured dietary intake of chlorpyrifos with 3,5,6 -trichloro -2 -pyridinol (TCPy ) in urine collected from human volunteers.
Methodology

Study Population
Urine, food consumption, and demographic data were obtained from 80 participants in a probability sample of individuals above the age of 10 selected from four contiguous counties in Maryland that compose the Baltimore Metropolitan Statistical Area. The data were collected as part of the National Human Exposure Assessment Survey in Maryland ( NHEXAS -MD ). Details of the sample are presented elsewhere (MacIntosh et al., 1999a; Ryan et al., 2000 ) . All participants acknowledged informed consent under protocols approved by an institutional review board. Each individual participated in one to six week -long monitoring periods or cycles approximately equally spaced over 12 months from September 21, 1995 to September 18, 1996.
Food Consumption
Food consumption was assessed by a food checklist modeled on the Willett semi -quantitative food frequency questionnaire (Willett et al., 1985; Rimm et al., 1992 ) . The checklist contained 131 solid food items and 26 beverage items and has been shown to yield diet data similar to the Willett questionnaire (Scanlon et al., 1999; . Participants completed the checklist on four consecutive days ( days 3 -6 ) of a monitoring week by indicating the number of servings consumed of each food item. Food items on the checklist were matched to U.S. Department of Agriculture ( USDA ) food codes (USDA, 1998 ) . Information on standard serving sizes and energy content of food items contained in the USDA food code book was used to convert servings of each food item to weight (kg ) and energy ( kcal ) ( USDA, 1998) . Energy intake per unit body weight per day ( kcal /kg /day ) was estimated as the sum of food -specific energy for a day divided by the participant's self -reported body weight.
Because of potential for low compliance with the food checklist and duplicate plate protocols, we used the following methods to check the validity of both measures. First, the validity of checklist responses for a day of monitoring was evaluated by comparing the estimated energy intake per unit body weight to basal metabolic rate ( BMR ) energy requirements estimated by age -specific and gender-specific models in Table 1 of Schofield (1985 ) . The minimum amount of energy to support BMR for each participant was estimated as the lower limit of the 95% prediction interval for the appropriate Schofield equation. Days with food checklist responses corresponding to energy intake less than one -half of minimum kcal / kg/ day for this population ) were considered invalid. Second, checklists with fewer than 3 days of valid diet information were considered invalid and omitted from further analysis. For the remaining checklists, food -specific consumption was averaged across the 3 or 4 days to obtain an ingestion rate for each food item in each cycle expressed in kilograms per day.
Food Consumption -Chemical Residue Exposure Model Average daily dietary intake of chlorpyrifos was estimated for each participant using methods reported elsewhere (MacIntosh et al., 1996 ) . Briefly, 69 food items 91 -3 through 97 -1 were matched with the food checklist items (FDA, 1998 ) . The mean chlorpyrifos residue measured in each Total Diet Study (TDS ) food item ( g /kg ) was multiplied by the corresponding food consumption rate obtained from the food checklist and summed for each participant to obtain estimates of average daily dietary exposure to chlorpyrifos ( g /day ) for each cycle from this pathway. Cycle -specific estimates were averaged across the study to obtain estimates of long -term average chlorpyrifos intake. Treatment of food items with chlorpyrifos levels less than analytical detection limits has been shown to influence corresponding dietary exposure estimates ( MacIntosh et al., 1996; Wolt, 1999 ) . Setting non -detects to the method detection limit or another non -zero value could bias exposure model estimates. We treated non-detects as zero under the assumption that non-detects accurately reflect chlorpyrifos registration and tolerance limits and chlorpyrifos penetration into agricultural markets.
Chlorpyrifos in Duplicate Solid Food Samples
Concurrent with completion of the food frequency checklist, participants saved duplicate portions of solid food and beverages consumed on days 3-6 of monitoring in each cycle. Levels (g /kg) and dietary intake (g /day ) of chlorpyrifos and other pesticides determined from analysis of these samples are reported elsewhere . Briefly, chlorpyrifos was present above the detection limit ( DL, 0.1 g/ kg) in 38% of the duplicate solid food samples and displayed temporal variation in detection frequency and concentration with the highest levels corresponding to spring and summer months. Chlorpyrifos was not present in duplicate beverage samples above the DL. Compliance with duplicate portion sampling requirements is reported to burden study participants and can wane with time (Thomas et al., 1997 ) . To identify potential invalid duplicate diet samples, we estimated the energy content of each one as the product of the sample weight (kg ) and the nutrient -weighted energy content of the average U.S. diet -31% fat, 69% carbohydrates, and protein (McCurdy, 2000 ) and an assumption of 9 kcal / g for fat and 4 kcal / g for carbohydrates and protein. Duplicate solid food samples with estimated energy content less than the one-half minimum BMR as described above were omitted from further analysis.
TCPy in Urine
Urine samples were obtained at the participants' residences on 1 day of each week -long monitoring period depending on participant availability and other logistic constraints imposed by field conditions. Samples were assayed for creatinine, TCPy, and other pesticide metabolites by GC / MS /MS at the National Center for Environmental Health, Centers for Disease Control and Prevention in Atlanta, Georgia (MacIntosh et al., 1999b) . TCPy is the major metabolite in urine of the pesticides chlorpyrifos, chlorpyrifos -methyl, and triclopyr (Bakke et al., 1976; Nolan et al., 1984; Hill et al., 1995 ) . TCPy is also the principal product of environmental degradation of chlorpyrifos and may persist in soil for more than 1 year (Racke et al., 1994 ) . Consequently, urinary levels of TCPy may represent exposure to environmental TCPy as well as its parent compounds. Levels of TCPy and other substances in urine can be influenced by time from last void to sample collection. Normalization of urinary levels of xenobiotics by creatinine levels has been shown to correct for time since void (Aitio and Kallio, 1999) , thus we conducted all analyses on creatinine -adjusted TCPy concentrations ( g TCPy /g creatinine) .
Data Analysis
Data on food consumption and estimated chlorpyrifos intake, chlorpyrifos levels measured in duplicate solid food samples, and TCPy in urine were merged by participant and cycle. Two -hundred fifty -one observations of contemporaneous food consumption, duplicate portion, and TCPy data were obtained. Of these, we restricted analysis to observations that met criteria established for self -validity and internal consistency. Assessment of self -validity for checklist responses and duplicate solid food samples was described earlier: 44 observations were omitted because fewer than 3 days of valid food consumption data were obtained; one observation was omitted for two reasons -insufficient number of valid diet days and insufficient energy content of duplicate solid food sample. Internal consistency was assessed by comparing the measured weight of the duplicate solid food sample and the weight of food consumed as derived from the food checklist. Observations with measured and estimated weights that differed by more than 50% were identified as internally inconsistent and omitted from further analysis ( three observations removed ). The final dataset contained 203 observations from 69 participants including 44 females and 25 males aged 12 -84 years with racial distribution as follows: 55 Caucasians, 13 African -Americans, and 1 Asian.
Two methods were used to evaluate associations between chlorpyrifos measured in duplicate solid food samples and estimates of chlorpyrifos concentrations in food estimated by the food consumption-chemical residue exposure model. First, we cross -tabulated measured and predicted levels as above or below 0.1 g /kg, the DL for chlorpyrifos in solid food samples. We then used a chi -square analysis to test for independence between measured and predicted frequency of samples with a detectable level of chlorpyrifos. Second, for observations with measured and predicted chlorpyrifos >0.1 g /kg, we generated a scatter plot and used Spearman and Pearson correlation and linear regression procedures to describe the relationship between measured and predicted levels. The same procedures were used to evaluate the relationship between measured and predicted dietary intake of chlorpyrifos.
Eighty -seven ( 43% ) urine samples were collected on days 4-8 of the week -long monitoring period, while 115 (57% ) urine samples were obtained before diet collection or during the first day of diet collection, and one urine sample was obtained 16 days after collection of diet information began. TCPy has a biological half -life of approximately 27 h (Nolan et al., 1984 ) . Hence, TCPy in urine samples collected on days preceding the food consumption records or collected on the initial day of food records is unlikely to be associated with the diet information, the potential for strong serial correlation of food intake notwithstanding. For this reason, analyses of cycle -specific associations between TCPy and diet were conducted with the 87 urine samples collected on days 4-8 of the monitoring period for each participant.
To evaluate the relationship between dietary chlorpyrifos exposure and TCPy, we first used a generalized linear model ( GLM ) to test the hypothesis that mean TCPy concentration was equal between participants with measured chlorpyrifos levels in duplicate plates above the method DL (0.1 g /kg ) and below the DL. Next, we used correlation and linear regression procedures to evaluate rank order and linear associations between measured chlorpyrifos intake and TCPy. The same procedures were used to assess the relationship between estimated dietary intake of chlorpyrifos and measured TCPy. Finally, we evaluated the ability of predicted chlorpyrifos intake to discriminate among levels of measured TCPy. For this analysis, observations were grouped into quartiles of predicted chlorpyrifos intake and then mean measured TCPy levels were computed for each quartile. A GLM was used to test the hypothesis that mean TCPy is equal among quartiles.
Results
Summary statistics for measured and estimated values of average daily weight of solid food consumed (kg ), chlorpyrifos in solid food (g/ kg) and chlorpyrifos intake from solid food (g ), and measured levels of TCPy in urine ( g /g creatinine) are presented in Table 1 . Means and standard deviations were approximately equal for the distributions of measured and predicted average daily weight of solid food consumed. Measured and predicted food weights were significantly correlated (Pearson's r =0.50, p <0.0001 ).
Estimates of chlorpyrifos concentrations using the food consumption -chemical residue model overestimated by more than a factor of 2 (88% vs. 39% ) the relative frequency of duplicate portion samples with chlorpyrifos greater than the DL (0.1 g /kg) . Of the 80 measured levels greater than 0.1 g /kg, 71 (89% ) of the corresponding predicted concentrations also exceeded the DL. Of the 123 samples for which chlorpyrifos was not present above 0.1 g/ kg, only 8% ( 16 ) of the corresponding predicted values was also below the DL. According to the chi -square analysis, the hypothesis that estimated and measured frequencies of samples above 0.1 g/kg are independent could not be rejected ( p =0.710 ). Estimated and measured mean concentrations were similar, although the standard deviation of the estimated concentrations was approximately 50% of the standard deviation of measured levels. In analyses restricted to observations with measured and estimated chlorpyrifos concentrations greater than the DL, estimated and measured chlorpyrifos concentrations were not associated according to Spearman's correlation analysis (r =0.04, p = 0.7667 ) and linear regression ( Table 2 ) .
The mean estimated intake of chlorpyrifos through food was similar to the mean measured intake, although estimated values were less variable than the measured values (Table 1 ) . Measured and estimated chlorpyrifos intakes for observations with non-zero values for each intake measure (n =71 ) were significantly correlated on a rank basis (Spearman's r =0.24, p= 0.0462 ). As shown in Table 2 , there was a marginally significant linear association between non -zero measured and estimated intakes.
Among the 87 observations where collection of the urine sample followed or was concurrent with duplicate diet collection, mean urinary TCPy was significantly (p = 0.0168 ) greater for individuals with chlorpyrifos levels in food above the DL ( n= 38, mean = 7.5 g /g, SD = 4.8) than for individuals for whom chlorpyrifos was not detected in food (n =49, mean = 5.3, SD = 3.8 ). Measured intakes of chlorpyrifos from food and urinary TCPy were significantly correlated in rank order ( n= 87, Spearman's r= 0.30, p =0.0041) and linear (n =87, Pearson's r= 0.22, p =0.0409 ) analyses. In analyses restricted to those observations with non -zero levels of measured chlorpyr- Restricted to observations with non -zero measured and estimated chlorpyrifos concentrations or intake.
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Analysis of dietary intake for chlorpyrifos ifos intake (n = 38) , the rank and linear correlations of TCPy and measured intake were lower than in the unrestricted dataset and were not significant ( Spearman's r =0.18, p= 0.2732; Pearson's r= 0.08, p =0.6254 ) . Correlation coefficients between estimated intakes of chlorpyrifos from food and TCPy were significantly different from zero ( n= 87, Spearman's r= 0.22, p = 0.0393; Pearson's r =0.21, p= 0.0479; Table 2 ). Mean ( SD ) TCPy values for quartiles of estimated chlorpyrifos intake from low to high were: 5.8 (5.6 ), 5.5 (2.3 ) , 6.6 ( 5.0) , and 7.1 ( 4.1) g/g. Although mean TCPy exhibited a qualitative trend with predicted quartile of chlorpyrifos intake, the means were not significantly different (p = 0.5733 ) according to GLM analysis.
Discussion
Simple, reliable methods for assessing personal exposure to ubiquitous chemicals are useful for improved understanding of exposure -effect relationships, modeling risks to public health, and consideration of environmental policy options. In this study, we evaluated the ability of a simple and relatively low -cost methodology to assess dietary exposure to chlorpyrifos for a population and for individual members of the population. The candidate method combines personspecific information on diet with national average data on serving sizes and chlorpyrifos levels in specific foods to estimate dietary intake of the insecticide. Use of this food consumption -chemical residue approach for assessment of dietary exposure to chlorpyrifos is appealing because it accounts for differences in diet among people and differences in pesticide concentrations among foods. If demonstrated to be sufficiently accurate, analysts could assess dietary exposure to chlorpyrifos for members of a selected population using a protocol that required only limited collection of new data from the study participants, i.e., completion of a semi -quantitative food frequency checklist.
We found that the central tendencies ( e.g., mean ) of estimated and measured chlorpyrifos concentrations in food were similar, although the model overpredicted concentrations at the lower end of the distribution and underpredicted concentrations at the upper end of the distribution. The model is sensitive as 89% of the duplicate plates that contained chlorpyrifos above the DL was predicted to contain chlorpyrifos above the DL. However, the model is not specific ( i.e., frequently yielded false -positives ) as 92% of the duplicate plates that did not contain chlorpyrifos greater than the DL was predicted to contain chlorpyrifos above the DL.
Intake of chlorpyrifos from food is more relevant than chlorpyrifos concentration in food for evaluation of potential health risks as intake expresses exposure rate rather than simply exposure concentration. Comparing the central tendency and dispersion of measured and estimated chlorpyrifos intakes presented in Table 1 suggests that the food consumption -chemical residue model can yield reasonably accurate estimates of the population distribution of dietary chlorpyrifos ingestion. Moreover, estimated and measured intakes of chlorpyrifos exhibited a modest degree of correlation, which suggests that the relative accuracy of the estimated food weight counteracted the relative inaccuracy of serving specific chlorpyrifos concentrations used in the food consumption -chemical residue model.
False -positive exposure concentrations and imprecise estimates of chlorpyrifos intake for individual people may have resulted from use of mean chlorpyrifos concentrations in the food consumption -chemical residue model rather than chlorpyrifos levels measured in single samples from the TDS. This explanation is supported by raw data available in the TDS ( FDA, 1998 ) , which indicate that chlorpyrifos concentrations vary substantially among servings of a given food type, e.g., from below the DL to tens of parts per billion. It was necessary for us to use mean concentrations in the model because at present, insufficient data are available to predict chlorpyrifos levels in a specific single serving of a given food type consumed by a specific person. The accuracy of dietary exposure model predictions for individuals and populations might be improved if reliable data on temporal and geographic variation in residue concentrations were available. In that case, seasonal changes in food consumption patterns, such as higher fresh fruit consumption in summer, could be matched with seasonal data on pesticide residues in specific foods. The degree of model improvement afforded by such data would depend on the degree of correlation between food consumption and chemical residue concentrations across seasons. Additional data from market basket studies such as the TDS are required to determine whether seasonal and geographic specificity for chemical residue concentrations can improve accuracy of dietary exposure assessments.
The low to moderate precision of model predictions of dietary chlorpyrifos exposure for specific people observed here also could indicate that residue concentrations measured in specific foods from the TDS, a nationwide market basket, do not represent well chlorpyrifos residues in specific foods consumed by the NHEXAS -MD population. It is possible that differences in residue levels of specific foods between the two investigations could balance one another such that the estimated distribution of chlorpyrifos intake was approximately equal to the measured distribution of intake, but that estimated and measured intakes for specific people were relatively imprecise. The likelihood of this possibility cannot be ascertained with current information. However, methods such as empirical weight regression models ( Romieu et al., 1990; MacIntosh et al., 1997; Ryan et al., 2001 ) could be used to estimate chlorpyrifos concentration in NHEXAS -MD food checklist items for comparison with chlorpyrifos concentration in corresponding TDS foods.
Understanding exposure to substances that occur in multiple environmental media presents exposure assessment challenges beyond those posed by single -medium chemicals such as many air pollutants. Biological indicators of exposure are useful for assessing aggregate or total exposure to a substance (Hoppin et al., 2000 ) . In addition to diet, other potential routes of exposure to chlorpyrifos include inhalation, dermal absorption, and incidental ingestion of soil and settled dust (Whitemore et al., 1994; Zartarian et al., 2000 ) .
TCPy in urine is anticipated to reflect, at least in part, aggregate exposure to chlorpyrifos as well as exposure to chlorpyrifos -methyl, triclopyr, and TCPy in various environmental media. Applying a nominal urine void rate of 1.5 l/day (Vander et al., 1990, p. 482 ) to median TCPy (4.2 g /l) measured in the NHEXAS -MD population ( MacIntosh et al., 1999b ) , we estimate that the average adult in this population excretes 6.3 g of TCPy in urine per day. Comparing this value to the mean measured dietary intake of chlorpyrifos of 0.46 g /day, we find that ingestion of chlorpyrifos from food may account for approximately 7% of TCPy in this population. This calculation requires several simplifying assumptions to be credible, yet the estimate of a 7% contribution is consistent with the degree of explanatory power observed between estimated chlorpyrifos intake and TCPy. Graphical summaries of dietary intake of chlorpyrifos compared to estimated TCPy excretion per day did not indicate a relationship between these two variables at either extreme of the distribution of TCPy excretion per day. Thus, dietary chlorpyrifos exposure was not a major contributor to urinary TCPy regardless of the magnitude of aggregate exposure to TCPy -producing substances.
The correlation between TCPy and predicted intake of chlorpyrifos is within the range published for biomarkers and dietary scores of several substances, e.g., Spearman correlations of 0.15 for arsenic, 0.31 for mercury ( MacIntosh et al., 1997 ) , 0.25 for dietary carotene (Russell-Briefel et al., 1985 ) , and 0.50 for polyunsaturated fat ( Hunter et al., 1992 ) . In spite of this favorable comparison, the modest discriminative power between TCPy and modeled chlorpyrifos exposure described earlier suggests that use of TCPy as a proxy for dietary chlorpyrifos exposure or vice versa could yield considerable exposure misclassification.
Exposure to chlorpyrifos is associated with a range of neurological effects in animals and has been implicated as a potential contributor to neurological conditions in humans ( Albers et al., 1999; Clegg and van Gemert, 1999; Rice and Barone, 2000 ) . Efforts are under way to improve information on human exposure to chlorpyrifos and the potential for consequent frank and subtle effects ( Gibson et al., 1999; Adgate et al., 2000; Rice and Barone, 2000; Steenland et al., 2000; Zartarian et al., 2000 ) . Methods for estimating exposure to low levels of chlorpyrifos similar to those presented here (Oliver et al., 2000 ) may be useful for studying various neurological outcomes in large populations.
The correlation between predicted chlorpyrifos intake and measured TCPy found in this study is comparable to those found in studies relating nutrient scores and biomarkers of exposure. Yet, our findings indicate that non -dietary sources of exposure to chlorpyrifos, other TCPy -producing substances, or TCPy itself may be important contributors to TCPy in urine. In addition, consideration should be given to between -person variation of physiological factors that influence uptake, metabolism, and excretion of chlorpyrifos (Costa et al., 1999; Sams and Mason, 1999 ) . As non -dietary sources of variability become better characterized, correlations between diet and TCPy levels may be even further increased, allowing improved epidemiologic and quantitative risk assessment.
